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A total of 24 360 events having two charged particles in the final state from =—-p interactions at an
incident 7~ momentum of 2.7 GeV/c have been analyzed. The final states #~7*» and =% are found to be
dominated by rho-meson production, and in addition, significant §*(1238) production is seen. The partial
cross sections for the dominant resonant channels are o = (pp~) = (1.3220.2) mb, o (70°) = (2.34£0.2) mb, and
o7 N**(— p7%) ]=(0.520.2) mb. The production of the p~ and p® and the decay of the p~agree very well
with the predictions of an absorption-modified one-pion-exchange model. The production angular distri-
butions of the p° and p~ follow an exponential of the form Ae*Bt The results from a least-squares fit give
B(p7)=9.324-0.08 (GeV/c)™2, B(p°)=10.26+0.06 (GeV/c)™2. A similar analysis for the elastic-scattering
events gave B(el)=7.774-0.05 (GeV/c)~2. The p® decay distributions are asymmetric and they have been
analyzed using a simple model which includes S-P-wave interference. No clear evidence is seen for a T'=0,
J=0resonance at a mass near that of the p. The N*(1238) resonance production is found to be in agreement
with the p-exchange model of Stodolsky and Sakurai. Indication of other resonance production with small
cross section is seen, such as 4, and 4, production in the multiple missing neutral events. The masses and
widths of the p° and p~ as a function of the four-momentum transfer squared to the nucleon have been
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determined.

I. INTRODUCTION

N this paper further work is presented on the inter-
action of 7~ mesons with protons at an incident =~
momentum of 2.7 GeV/c. Previous results from this
experiment,'~3 have included the analysis of interactions
leading to four charged particles in the final state, or to
interactions having one or more visible strange-particle
decays. The current work involved the analysis of
24 360 two-prong events obtained in an exposure of
30 000 pictures from the Lawrence Radiation Labora-
tory 72-in. hydrogen bubble chamber.

The experimental results presented in this paper are
limited to those interactions having two charged par-
ticles in the final state, and belonging to one of the five
reactions listed below.

(1) 7+p—oa+p,

2) m+p—or+pt+n,

3) m+p—orFpFma® (m=2,3--),

@) m+por+attan,

(5) 7 +p—or+at+utmr® n=1,2--.).

The present experiment was undertaken in order to
study in detail the production and decay characteristics
of short-lived elementary particles, in particular the p
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meson. Other experiments at nearby energies*® studying
the same interactions have shown that reactions 2 and 4
are dominated by p-meson production. An interesting
feature of these results was the asymmetry seen in the
decay of the neutral p meson. Several proposals have
been made to explain this observation either in terms of
interference with an S-wave isotopic spin-zero resonance
at a mass near that of the p,!° or to interference with
some S-wave background existing in this region.!'~1
Some evidence for the possible decay of an isotopic
spin-zero resonance into #%4-#° has been found* and an
indication of a decay into #—#* has also been reported.!s
The experimental situation, however, is by no means
clear. In addition to this, very specific proposals have
been made about the form of the production and decay
angular distributions of both the p° and the p~, providing
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Ti1G. 1. Unfitted effective missing mass squared distribution from
the reaction 7~p — m—p-+neutrals.

that their production is dominated by one-pion
exchange.}-2

The present experiment represents a significant in-
crease in the number of interactions over any other
single published experiment. It was therefore hoped
that the analysis would yield a definitive answer on the
existence of a new T'=0 resonance, and provide a real
test of the one-pion-exchange model with absorption. In
addition, it was hoped to study other facets of the =~
‘proton interaction including those processes with small
‘cross sections such as N*, 45, and 4, production.

II. EXPERIMENTAL PROCEDURE

A. Measurement, Reconstruction, and
Kinematic Fitting

The system used in measuring and reconstructing the
events has been described previously?? and consists of
three scanning measuring projectors (SMP) and two
measuring microscopes on line to an IBM 7044. The
geometrical reconstruction and kinematical fitting were
carried out on the IBM 7044 using the Berkeley
PANAL-PACKAGE system. Every event classified as ac-

16 A. S. Goldhaber, Phys. Rev. 134, B600 (1965).
(1;76£4)oya1 Durand, III, and Yam Tsi Chiu, Phys. Rev. 137, B1530
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B. E. Y. Svensson, Phys. Rev. 139, B428 (1965).
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ceptable by this system was checked further by an
additional program. This program was used to check the
physical quantities and the associated errors to ensure
the event had been correctly measured and also to
verify that at least one physically meaningful fit had
been obtained.

B. Assignment of Events

Each event passing the above tests and having a
momentum for the charged secondary of less than 1250
MeV/c was examined on the scanning table to deter-
mine, with the help of the relative ionization, whether
this secondary was a 7t or a proton. Assignment of
events into the five possible final states was then carried
out using the value of X2 for each fit together with its
associated probability.

In order for a given hypothesis to be considered ac-
ceptable it was necessary that it agree with the ioniza-
tion information, and that the probability associated
with the X2 for that hypothesis be greater than 1%, If
the four-constraint elastic-scattering hypothesis was
successful at this level the event was classified as such
irrespective of the X2 associated with any other fits (one
constraint or less). The above classification assigned
unambiguously 84.5%, of the events leaving 15.59, of
the events ambiguous. These latter events all had two
or more acceptable fits and a momentum of the positive
secondary greater than 1250 MeV/c. These events fell
in the main into two classes, 1392 fitted both hypothesis
(4) (=—n*n) and hypothesis (3) (7—p+ma?), while 1350
were ambiguous between (2) (@ p+mz®) and (5)
(m~rtn+mn°). The members of the first class were
compared, using effective-mass plots and angular distri-
butions, with the unambiguous events already assigned
to the two possible final states. It appeared from these
comparisons that not more than 109, of this ambiguous

EBOW
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M2(GeV/c?)?

F1c. 2. Unfitted effective missing mass squared distribution from
the reaction 7~p — #~r+-neutrals.
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TasLE I. Partial cross sections for two-prong production in
79 interactions.

No. events Corrected
used in cross

Final state analysis section (mb)
7P — nwtn~ 4447 3.9 0.2
pnnd 2227 24 +£0.2
pr 6416 7.7 £03
P~ 1.3 02
np° 2.3 £0.2
nfo 0.15+0.1
7 N1ass*+ (pr0) 0.5 +£0.2
7 Nigss* (P~ 0.1 +0.1
pr—>1 neutral 2346 2.0 0.2
atr~>1 neutral 7328 7.0 £0.3

sample belonged to hypothesis (3). All these events
were, therefore, assigned to hypothesis (4) giving a
background of wrongly assigned events in this channel
of no more than 3%, of the total sample. The second
class could not be assigned so uniquely since it appeared
from a similar analysis that about two-thirds of the
events belonged to the state (m—rtn+mn°) and the rest
to (m—p+mn®).

After the assignment of events as outlined above, one
more source of ambiguity remained. This was the pos-
sibility that an event of the type #~p-+m=® would have
an acceptable fit to hypothesis (2) (zp7°), or that an
event of the type 7~ntn+mn® would fit 7= *n.

Figure 1 shows a plot of the unfitted mass squared of
the missing neutral system for those events having a =~
and a proton in the final state [events fitting hypothesis
(1) are not included]. The solid line indicates all events,
and the falling dashed line indicated those events in the
overlap region acceptable as hypothesis (2). The rising
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dotted line indicates those events having a probability
of less than 19 of being hypothesis (2). As can be seen,
some overlap occurs and this region has been excluded
from the analysis of the final state 7=pz® by just using
those events contained within the arrows. The events in
the overlap region were compared with those within the
arrows, and the fraction of true 7—p=° events excluded
was estimated. The same situation is true for the events
with a 77t in the final state as shown in Fig. 2. The
overlap here is not as serious, however, and all events
with a probability of greater than 19, for hypothesis (4)
were used in the analysis of the final state #~ntn. A
small correction was made to the cross section for events
of the type m~ntn+mn® included in this sample.

Out of a total of 31 381 events in our fiducial volume
a total of 24 360 events were accepted as having a good
geometry and acceptable interpretation. The remaining
events having failed, two or more measurements were
examined for possible systematic deviation from the
accepted sample. This sample was found to contain a
larger percentage of events with lower momentum and
one or more steeply dipping tracks. These biases, how-
ever, did not seem to affect our final interpretations of
the data to any significant degree. These unacceptable
events were used to calculate partial cross sections,
being divided among the various possible final states.

III. CROSS SECTIONS

A total of 31 381 events were contained in our fiducial
volume which had a total scanned pion path length of
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4.33X107 cm. This gives a total cross section for two-
prong production of 22.8:£0.3 mb. The cross sections
for the various final states are shown in Table I the
main source of error coming from the allocation of
events with unacceptable geometry. In addition, both
the final state pn—7° and more importantly the elastic-
scattering channel have been corrected for scanning
bias, i.e., for the loss of very short proton tracks. This
increases the cross section and gives rise to a larger error
for these channels due to the uncertainty in these
correction factors.
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A. Resonance-Production Cross Sections

Strong resonance production was observed in both the
pr—x® and 7~7tn final states. In order to obtain the
fractions of resonance production, a least-squares-
fitting procedure was used on the three possible di-
particle mass projections, for each of these final states.

In the p7—7° channel the production of two resonances
could be seen ; that of the o~ (decaying to 7~=°) and the
N*(1238) (decaying to pn°). Using the Berkeley Monte
Carlo program FAKE the effect of the production of these
resonances on the mass projections of the other two
combinations was studied. For example, a sample of
events of the pp~ was generated folding in the observed
production and decay angular distributions of the p~.
These events were then used to determine the effect (or
reflection) of this resonance production on the pn— and
the pn® mass projections.

The three mass projections (Figs. 3-5), were then
fitted using Breit-Wigner shapes for the resonances,
with a background composed of normal phase space
together with the reflection effects of the resonance
production. It was found that with only two resonances
the X2 for the pn— channel was large in the region of
1700 MeV/c2. This was thought to be due to production
of the N*(1688) resonance. The fit was, therefore,
redone introducing this possibility. The results of the
final fit are shown by the solid lines in Figs. 3-5, and as
cross sections in Table I. The over-all X2 for each mass
projection was of the order of 50 for 59 degrees of
freedom. As can be seen the data are represented quite
well by the over-all final fit.

A similar fitting procedure was performed on the
mass projections (Figs. 6-8), of the final state =—=tn
with a few important modifications. These modifications
were necessary because the only resonance observed to
be produced in this channel was the p° It was expected
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final state 7.
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that some N* would be produced in the #7* decay mode
which is an alternative decay mode to that already seen
in the pn® channel. This production however, is much
more difficult to observe in the nwt decay mode.
Firstly, the relevant Clebsch-Gordan coefficients give
for the decay of the N**+: ¢(pn°)/c(nwt)=2; secondly,
the observed cross section for the final state nr—n+ was
about twice as high as for the state pz—n°. The fractional
production of N** in the final state na—rt is, therefore,
lower by a factor of 4 than that already observed in the
pr—n0 final state. Lastly, the asymmetry in the p° decay
leads to a large accumulation of events at low nat
effective mass. These events lie in the N¥* band and
further obscure the N*+ production. In addition to the
above the =—#* mass spectrum does not follow phase
space above 1 GeV/¢?; this is partly due to f° production
but a significant distortion of the mass spectrum still
exists even allowing for the f° decay. A least-squares fit
was made to the 7—#% mass spectrum including the
production of p® and f° The fit which gave the best X2
in the region of the p was chosen because of the domi-
nance of its production. No fit was made to the #z~ and
nwt channels although the solid lines shown in Figs. 6-8
include the effect of N*+ production amounting to 509,
of that found for the pa® decay mode. In the above
analysis nominal masses and widths were used for the
resonances as shown in Table II.

IV. ELASTIC SCATTERING

A total sample of 6416 events was accepted for
analysis as being of the type 74 p — 7. This re-
action involving a four-constraint fit is very free from
sources of ambiguity. The majority of the elastic-
scattering events involve a low-laboratory-momentum
proton in the final state, and this does lead to a serious
bias. These low-momentum protons give rise to very
short tracks in the bubble chamber and the bias occurs
because of the difficulty in detecting these tracks and a
consequent loss of such events at the scanning stage.
This bias appears in the center-of-mass system of the
7+ as an increasing loss of events as cos6* (where 6*
is the angle of the proton) approaches 1.0. As the
interactions are viewed from one side of the chamber
only, this bias is least for those events whose scattering
plane lies parallel to the plane of the cameras and is
maximum when it is perpendicular to this position. If
we define the angle ¢ as the angle between the perpen-

TaBLE II. Masses and widths used in fitting the diparticle
mass distributions.

Resonance Width (MeV) Mass (MeV)
o° 150 770
o~ 150 770
fo 130 1230
N* 130 1210
N* 100 1688
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dicular to the production plane and the perpendicular
to the plane of the cameras we would expect the number
of events in d¢ to be constant for all values of ¢ if no loss
of events occured. The experimental plots of number of
events versus ¢ for various values show increasing
deviations from isotropy as cosf* approaches 1.0. These
deviations were used to estimate the number of events
lost. Figure 9 shows the results of this analysis in terms
of the factor F by which an observed number of events
at a particular center-of-mass angle 6* should be multi-
plied to give the true number produced at that angle.
The error bars indicate the statistical uncertainties

Scanning Error Factor F
——

aQ

o;, v N T T
0O 09 08 07 06
cos 8%

05 04 03 02

F1G. 9. F is the experimentally determined factor by which an
observed number of elastic scatterings should be multiplied to
obtain the true number as a function of cosf*, where 6* is the
center-of-mass scattering angle for the #~. The observational loss
is due primarily to scanning bias.
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X (UNIVERSITY OF MICHIGAN COUNTER)=2.5GeV/c

=2.7GeV/c

A (UNIVERSITY OF MICHIGAN COUNTER)=3.,0GeV/c

F1c. 10. Differential cross sec-
tion for elastic scattering as a
function of the center-of-mass
scattering angle 6* of the . The
bubble-chamber data from this ex-
periment has been corrected at
forward angles by the factor F of
Fig. 9. The error bars on these data
points represent statistical errors.
The counter results of Ref. 23 are
shown for comparison. For scat-
tering more forward than cosg*
=0.6 only every third point from
the counter data is plotted.

e b

P

1

4 2
cos 6

inherent in this procedure. This correction technique is
reliable up to a cosf* value of about 0.98 where serious
losses begin to occur at all values of ¢. Correction
factors between 0.98 — 1.0 were obtained by interpo-
lation using the last reliable factor from the above
analysis and an optical-model point at cos*=1.0.
When these corrections to the data are made, the
angular distribution shown in Fig. 10 is obtained. Dis-
played for comparison in this figure are the results of a
counter experiment® at slightly lower and higher beam
momenta, with absolute normalization. The optical-
model point shown at cosf*=1 was calculated assuming
only an imaginary part to the scattering amplitude and
a total 7~p cross section of 32.85 mb. This value agrees

2 C. T. Coffin, N. Dikmen, L. Ettlinger, D. Meyer, A. Saulys,
{(1.96'Is‘§rwilliger, and D. Williams, Phys. Rev. Letters 15, 838

well with several measurements® in this momentum
range where the total cross section is changing very
slowly with momentum. The solid curves in Fig. 10 are
the prediction of a “black sphere” diffraction model?®
with a sharp cutoff for angular momentum states higher
than L=3. The normalization procedure for the theo-
retical curve was to set its total cross section equal to the
value from this experiment o= 7.66 mb.

In order to afford a further comparison with other
elastic-scattering experiments, Fig. 11 depicts a number
proportional to the differential cross section versus the
square of the four momentum transfer, —{ (in units of
the pion mass squared), to the nucleon. Assuming the
form do/di= A exp(+ Bt), we find by a least-squares fit

24 A. N. Diddens, E. W. Jenkins, F. T. Kycia, and K. F. Riley,
Phys. Rev. Letters 10, 262 (1963).
% L. M. Simmons, Phys. Rev, Letters 12, 229 (1964).
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to the data a value of (7.774:0.05) (GeV/c)2 for B
which is in good agreement with other results.26:?

The results of this elastic-scattering analysis do not
contribute any really new physical information, al-
though the agreement with other data obtained by
different experimental methods tends to be reassuring.

V. FINAL STATE p==°
A. General Features

A total sample of 2227 events was used for the analysis
of the final state pr—n°% The main physical procseses
occurring are exhibited in Fig. 12 where M,.%® vs
M .-, is plotted for each event. Strong production of
the p~ can be seen and in addition a clear increase of
density of points is seen in the region where the
N*+(1238) can be produced. This latter feature had not
been clearly seen prior to this experiment. The Dalitz
plot of M -2 vs M ,~n? (Fig. 13) does not reveal any
new resonance bands although the p~ and N*+ produc-
tion can be clearly seen. The projections of the three
possible di-particle masses are shown in Figs. 3-5 where
the production of the above resonances can be seen as
peaks. The solid lines, as has been stated, are the results
of a least-squares fit to find the various partial cross
sections. The p=~ mass projection indicates the possi-
bility of production of the N*(1688) resonance. The
statistical significance, however, of the peak seen in this
mass region is not large.

The reaction 7—p — pp~ occurs mainly at small values
of —1, the square of the four momentum transfer to the
proton. This is shown in Fig. 14 where M ,-.? is plotted

10°

NO. OF EVENTS

10' —
o] 5 10 15 20 25 30
1t
/J- 2
F1c. 11. Dependence of the differential cross section for elastic
scattering on the invariant four-momentum transfer to the proton

for small momentum transfers. The solid line is the result of a
least-squares fit to the data. It has a slope of 7.77 (GeV/c)™2.

26 ?)achen-Berhn—CERN Collaboration, Phys. Letters 19, 608
(196
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against —/ in units of u? (the mass of the pion squared).
At a mass near 0.77 GeV/c? a large number of events
corresponding to p~ production can be seen clustered in
the region of —#<20u2.

B. Production and Decay of the ¢~

In order to study the production and decay of the p~,
a coordinate system as shown in Fig. 15 was used.
Events for which the =—#° effective mass lay between
0.66 GeV/c® and 0.88 GeV/c® were taken as being
representative of the p~ production and decay. From the
least-squares fit to the z~7° mass projection it was
estimated that about 159 of these events did not
correspond to p~ production. These events constituted a
background which was more important in the region
—#>20p2. The total cross section for p~ production was
known from the fits to the mass projections and the
total pion path length. The events used in the p~
analysis were considered then to represent this cross
section and the conversion between this subsample of
events in the region 0.66-0.88 GeV/c? and a cross
section was easily obtained.

The production angular distribution of the == sys-
tem in the 7~p center-of-mass system for these events is
shown in Fig. 16 where cross section is plotted against
cosf*. The solid line represents the predictions of
Jackson et al.?” based on their calculations using the one-
pion-exchange model with absorption. The curve is not
a fit to the data but an absolute prediction. The solid
line fits the data rather well except at cos6*>0.96. This

4

do/d Cos 87 (mb)

.08

Section

.06

Cross

041

.02+

10 .95 .90 85 .80 7s .70
*
s 8-
Co 5

F16. 16. do/d(coss*) for events in the »~n? effective-mass
range 0.66-0.88 (GeV/c?).

27 Specific calculations were made for our energy by J. D.
Jackson using techniques described in Ref. 19.
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is probably due to loss of events while scanning since
large values of cosf* correspond to low-momentum pro-
tons in the laboratory. If a significant loss of protons
with projected lengths less than 3} mm had occurred
during scanning, this discrepancy would be explained.
This loss seems reasonable when one considers the
analysis of our elastic-scattering events where the angu-
lar distribution is better known and the minimum
observable length more easily calculated. The produc-
tion angular distribution closely follows an exponential.
In Fig. 17 is shown log(No. of events X2) plotted
against |#|/u? and the solid line indicates the results of a
least-squares fit in the region between the arrows. The
results of this fit give do/di= (0.184-0.02)¢*®-3230.08 ¢t
(GeV/c®)~2. This is very similar to that found by other
workers?? and to our own angular distribution for the
elastic-scattering events.

The p~ is produced as a mixture of pure quantum-
mechanical spin states which is conveniently described
in terms of the spin density matrix®8 of the o~ with the
elements pmm: (m, m’ being the magnetic quantum
numbers of the p~ running from —J to J). This matrix
of thep~(J=1)is

P11 P10 P1,—1
p10* Poo *Pm* )
P1~1 P10 P11

where poo, p1,—1, and py; are real and pyo is complex. This
gives for the expected decay distribution of the

3001

200+

F16. 17. Events in
the p band were
taken and shown is a
plot of logio (number
of events X2) versus
the four-momentum
transfer squared to
the #=~#° system in
units of M,% to-
gether with the re-
sults of a least-
squares straight-line
fit.

100

50

NO. OF EVENTS X 2

28 K. Gottfried and J. D. Jackson, Phys. Letters 8, 144 (1964).
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Cos 6

Fic. 18. Cosine of the “rr scattering angle” for successive intervals
of cosd,-* using events with M o from 0.66 to 0.88 (GeV/c?).

p~— 7+,
W (cosb,¢) = (3/4m)[poo cos?0+ p11 sin®0— py,—1 sin’f cos2¢
—V2 Repy,0 5in26 cos¢ ],

with the trace condition that pgo=1—2p11. Integration
of the above gives the distribution expected in cosf
and ¢

W (¢)= (1/27)[(1+2p1,—1) —4p1,—1 cOs’¢p ],
W (cosb) =2[ (1—poo)+ (3p00— 1) cos?0],

where 8 and ¢ are angles defined in Fig. 15. The deriva-
tion of these expressions and a general treatment of the
density matrix for the case of a resonance d— a+8
where @ and $8 are particles with spin has been carried
out by several authors.?® The validity of the above ex-
pressions holds for the process under consideration
irrespective of any model such as one-pion exchange
(OPE) which is used to explain the production process.

(129 g Pilkuhn and B. E. Y. Svensson, Nuovo Cimento 38, 518
965).
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Fi1c. 19. The Treiman-Yang angle ¢° for successive intervals of
cosf,-* using events with M 0 from 0.66 to 0.88 GeV/c2

It does assume a decay of pure p~ produced in a parity-
conserving interaction.

If, however, the one-pion-exchange diagram shown in
Fig. 15 dominates the process #~=4p— p+p~ then
specific predictions can be made about the values of
pm,m. To do this we consider this process in the p~ rest-
frame and take the direction of the incident 7~ as our
axis of quantization, and invoke angular-momentum
conservation. As L,=0 the values of m=4-1 are for-
bidden for the magnetic projections and therefore
ps1,m and pm,i1 are zero leaving just pg nonzero and
equal to one. This idealized situation is not realized in
practice, the presence of other possible channels open to
the 7—p interaction producing modifications. The one-
pion-exchange model including these effects (absorp-
tion) has been treated in particular by Jackson and co-
workers.!*?7 They have supplied us with their predic-
tions of the values of pm,m’ for the process #=p — pp~ at
an incident 7~ momentum of 2.7 GeV/¢. These values of
pm,m are not unique but vary with the four-momentum
transfer to (or cosf* of) the =~a® system.
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In order to determine the values of these matrix ele-
ments the events in the mass region 0.66-0.88 GeV/¢2
were arranged in descending order of cosf* and then
divided into consecutive groups of 150. For each group
of events the program MINFUN was used to determine
the best fit to the experimental data of the function
W (6,¢). The projections onto the cosf and ¢ axes for
these groups of events are shown in Figs. 18 and 19, the
solid lines indicating the best fits to W (6,¢). The distri-
bution in cosf and ¢ for |/| <10x? and the mass of the
7w system between 0.66 and 0.88 GeV/¢? is shown in
Fig. 20. Deviations from the predicted density of points
as a function of (f,¢) can be seen, in particular the
density of points being higher for cos#>0.5 than for
c0s0<0.5. The actual values of pm.» are shown in
Fig. 21 (the points with solid-line error bars) together
with the predictions of Jackson et al. (the continuous
line). The agreement is quite reasonable particularly as
no attempt has been made to include possible back-
ground effects. Undoubtedly these background effects
are important particularly at lower values of cosf*<0.7
where the distribution in cos§ is becoming quite
asymmetric. The production of N*(1238) in the pn®
channel gives rise to an excess of events at cosf~1 and
is a contributing factor in the observed asymmetry.

In order to examine these background effects two
regions, one on either side of the p band (0.66-0.88
GeV/c?), were taken. These regions were chosen using
the results of the least-squares fit to the 7~#® mass
distribution so that when combined they contained the
same number of non-rho events as did the p band. These
events were then subtracted in the fitting procedure
from the events in the original band. The dotted points
shown in Fig. 21 correspond to the values of p,,m ob-
tained using this technique. The subtraction does not
affect the values significantly for cos6*>0.8 where the
majority of the p production is taking place. It does
lower the value of pgo at cosf*~0.7 where the back-

360
3004 | g
2404
o Dol . Fi16. 20. cosd versus ¢°
¢ 804 . . . . . -~ .
: o e . KEaE for events with a =»~x®
U ] mass from 0.66 to 0.88
e Te - .| GeV/e?and |#] <1042
el L
60~ ¢
0+ 3
-1 -5 0 5 1
Cos 8
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ground effects are expected to be larger. The results
although consistent with the OPE model with absorp-
tion are also consistent with little variation of p,,ms With
four-momentum transfer. The above model does predict
that p1,—1 should never be negative although there is one
point at cosf*~0.93 where this does occur: a recent
experiment?®® on p~ production also reports a negative
value of pi1,_1 in this region. It is not clear, however,
whether this represents a breakdown of the model or an
inability to subtract out processes such as N*(1238)
production. These processes could be important. For
example, an examination of the forward-backward
asymmetry parameter reveals a strong variation as a
function of mass. This is shown in Fig. 22 where our
experimental points are plotted for |¢] <20u?, the
smooth curve indicating approximate results from pre-
vious experiments.’ The breakup of the #~7° system is
symmetric at the p~ mass although in the above
analysis we have used a wide band of events which
introduces some asymmetry.

The determination of the density matrix elements for
the decay of the N*(1238) is a little more complicated.
The complications arise in general because of the much
higher ratio of background to resonance, and the small
production cross section. A calculation in terms of the
elements py,»s of the density matrix for the N*(J=3%)

9
Pop
T
'
3 H
— - —t
Lo 95 90 85 .80 75 .70
»
Cos 8 p
4 H
Re H
Pe
-1 T I ' [ '
2 H 1
=24
=3 N T T
10 95 90 85 80 75 70
Cos 8"-
P
2
P A v+ T H
tL :
o T l ¥ H
i H
. £y
i) 95 90 .85 80 75 70
*
Cos Dp-

FiG. 21. Experimental density matrix elements for p~ decay.

3 H. R. Bleiden, M. N. Foccaci, L. Dubal, W. Kienzle, F.
%legfég;/res, B. Levrat, and B. C. Magli¢, Phys. Letters 19, 708
66).
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(F-B)
F+8)

0 5 10 15
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F16. 22. Forward-backward asymmetry parameter for the 7 ~n®
system as a function of mass for || <20p2.

decay gives an expected distribution of

W(07¢‘) = (3/47"){133/2,3/2 5in20+/31/2,1/2(%+ COS20)
— (2/V3) Repsa,—y/2 sin’) cos2¢
— (2/V3) Repyya,1/2 sin20 cosg}

with the trace condition that 2ps/2, 52+ 2p1/2,1/2= 1. Inte-
grating over cosf and ¢ gives the projected distributions
on these axes of

W (cosb) = £[ (1+4p32,3/2)+ (3—12p3/2,3/2) cos™d],

W ()= (1/2m)[ (14-4/V3 Reps/2,—1/2)
—8/V3 Repyy2,—12 cos’p ] .

The angles 6§ and ¢ used in the above expressions are
those defined in Fig. 23(c) in the rest system of the px®.

The program MINFUN was once again used to find the
best estimate of W (f,¢) using those events with a pn?
effective mass between 1.14 and 1.28 GeV/¢? and having
cosfp9*>0.75. Only one value of the matrix elements
could be calculated in this region because of the lack of
events. The values obtained are shown in Table IIT in
column I and the distributions in Fig. 23(a) and 23(b).
An”attempt was made to subtract out possible back-

TABLE III. Values of the density matrix elements for the N**
decay obtained by taking events in the N* region 1.14-1.28
GeV/¢? and events in the region 1.28-1.42 GeV/¢? and fitting the
angular distributions in the pn° center-of-mass system to the form
A-+B cosX+C cos?X.

I II III

0.2194-0.04 0.332:£0.06 0.35:£0.06 0.375
0.1244-0.04 0.197:0.05 0.253-0.05 0.22
—0.055+0.03 —0.09 +0.04 e 0

Predicted

P3/2,3/2
Repsye, —172
Repasa. 12
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TasLE IV. Coefficients obtained from fitting the angular distributions in the pa° rest system to the form A +B cosX+C cos?X.»

For the fits to A—+B cosX+C cos?X Derived for the N*(1238)
A B C A B C A* B* C*
cosé 0.45 0.24 0.15 0.31 0.44 0.57 0.6 0.04 —0.27
cosf 0.39 0.03 0.33 0.56 0.08 —0.18 0.22 —0.02 0.84
¢ 0.22 0.036 —0.12 0.19 0.015 0.06 0.25 0.05 —0.3
Mass interval (GeV/c?) 1.14—1.28 1.28 — 1.42
No. of events 293 200
Estimated fraction
of resonance 70% 409,

s All the above for —¢ <20u? (to p=? system).

ground events by utilizing regions on either side of the
chosen band, the results of this are tabulated in Table
IIT column II.

An additional attempt was made to determine the
decay distributions of the N* by fitting the distributions
in cos, cosB, and ¢ (see Fig. 23) independently to the
form A+ B cosX+C cos?’X. Two regions were taken and
fitted independently, one from a mass of 1.14-1.28
GeV/c¢? and the other from 1.28-1.42 GeV/c2. The frac-
tion of N* production in these bands was obtained from
the fits to the pn® mass distributions. It was then
assumed that the N* decay could be represented by
A*+B* cosX+C* cos?’X and the background by A’

2019
(a)

Number of Events
-~
o

b 6o 120 180 240 300 360

¢ (degrees)

A ()
c(P) 2(=H ‘/_:l

&(proton)

(2 &

x(= 9 x ?)
N* REST SYSTEM

Fic. 23. (a) cosd for the decay of the N*(1238) — pa?; (b) ¢
for the decay of the N*(1238) — pa?; (c) coordinate system used
for N* analysis.

+ B’ cosX4-C’ cos?X with no interference. By using the
known fractions of resonance and background, and the
results of the fit to the distributions for the numerical
values of 4, B, and C for each of the two regions, 4%,
B*, and C* can be calculated. The results are shown in
Table IV. An interesting result from this analysis is that
B* is always consistent with zero. This would be ex-
pected from the free decay of a sample of N* events and
gives some justification for the procedure used. The
values of pm s obtained are shown in column IIT of
Table IIT although since we have used projections the
value of Reps2,1/2 cannot be determined. The values of
the other matrix elements are similar to those obtained
from the other techniques.

One theoretical model which has had some success in

sar
so} -
46| ,
42

38
M’,,,o%l‘l)z 3af -

30

26

2.2r

(o] 4 8 12 16 20 24

Fic. 24. Dalitz plot for the final state =~atn.
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other reactions®"? assumes that the final state N*¥tz~ is
produced by p° exchange. Stodolsky and Sakurai®:34
have given results from such a model in which they
treat the NpN* vertex like an NyN* vertex since the p
and vy have the same quantum numbers. They predict
that

W (cosb,¢) = (1/87) (1+sin’6 sin’p)

lmplylng that p3/2,3/2=0.375, Reps/z,_1/2=0.216, and
Reps2,1/2=0. These values are very similar to those ob-
tained in columns B and C of Table IV which is some
justification for using this model. The techniques used
above are essentially only qualitative as several other
processes such as interference may be important. The
reasonably good agreement obtained between theory
and experiment may indicate, however, that these
effects are small.

VI. FINAL STATE = ='n

Out of a total of 4447 events accepted and used in the
analysis of the final state m—=tn, 1392 of these events
were also acceptable as coming from the final state
7~pX° This subset of events, all with a positive

40r - ¢ o e e e

32+ - :..'r“': : 0

e

F16. 25. Chew-Low plot of |¢|/u? to the 7~ system versus M p—+?
from the final state 7~r*n.

31 M. Abolins, D. Duane Carmony, Duong-N. Hoa, Richard L.
Lander, C. Rindfleisch, and Nguyen-Huu Xuong, Phys. Rev. 136,
B195 (1964).

32 Saclay-Orsay-Bologna-Bari Collaboration, Phys. Letters 13,
341 (1964).

8 1,. Stodolsky, Phys. Rev. 134, B1099 (1964).

# 1, Stodolsky and J. J. Sakurai, Phys. Rev. Letters 11, 90
(1963).
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Fi1G. 26. do/d(cosf*) for events in the 7=+ effective-mass interval
0.66 to 0.88 GeV/c2.

secondary having a momentum greater than 1250
MeV/c, were examined separately and the distributions
of effective masses and angles studied. From these
studies it appeared that if all were assigned to reaction
(4) only 39 of the 4447 events would have been
incorrectly assigned. This has been done in the following
analysis, the incorrectly assigned events not being
numerous enough to affect the conclusions reached.

In Fig. 24 is shown a Dalitz plot with M ,-.+* plotted
against M ,.+%. Deviations from an isotropic distribution
can be seen corresponding to p? production but no other
clear deviations are observed. From the observed
amount of N*(1238) in the 7—pr?® final state it is calcu-
lated that about 250 events should correspond on this
plot to #~p — #~N*, N* — nxt. This small number of
events is very difficult to observe over the high back-
ground which is caused in large part by the p° asym-
metry in decay. The three possible di-particle effective-
mass plots are shown in Figs. 6-8 the solid lines
indicating a least-squares fit to the data which has
already been described. The ==+ effective-mass distri-
bution deviates strongly from phase space above 1
GeV/c2 This is partly due to f production although the
peak in this region falls at a mass around 1180 MeV/¢?
compared with the normally accepted mass for the f°
of 1250 MeV/c%. A two-dimensional plot of M, ,+2
against —¢ (four-momentum transfer squared to the
neutron) in Fig. 25 reveals that the majority of p° and f°
production occurs at —/<20u? The m—rt effective-mass
spectrum for —{<20u? has a peak around 1210 MeV/c?
which is still a little low for the f°. Background effects
appear to be important in this region and the solid line
in Fig. 6 which includes 59, f° production probably
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represents an upper limit for the process 7—p — fs. For
these reasons no attempt had been made to system-
atically study the f°.

A. o° Production and Decay

The production and decay of the p° was studied using
the coordinate system shown in Fig. 15 (by replacing the
o~ by the p° the proton by a neutron, and the final #°
by a #t). Events were taken having a ==+ effective
mass between 0.66 and 0.88 GeV/¢? and these were
considered as being typical of p° production. The pro-
duction angular distribution in the over-all center-of-
mass system is shown in Fig. 26. The solid line is once
again a prediction of Jackson et al.,*” the only difference
between this and the p~ production being that the cross
section for p® production should be a factor of 2 larger
at all values of cosf*. The fit is very good not only to
the shape of the histogram but in absolute magnitude.

500 600 700 800 1000
w7 EFFECTIVE MASS
MeV/ct

Fi16. 28. Forward-backward asymmetry parameter « as a function
of the effective mass of the »~#* system for |¢] <20p2.
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F16. 29. Treiman-Yang angle ¢ versus the cosine of the #~

scattering angle for the #~#* system in the mass range 0.7 to
0.8 GeV/c? and for |¢] <10p2.

T
0 60 120

Figure 27 shows a plot of log(number of events) vs
|£]/u? together with a least-squares fit to a straight
line which gives do/dt=/(0.3620.03)¢+(10-26£0.00¢ ],
(GeV/c?)~2. This is very close to the p~ production re-
sults, differing only by the expected value (assuming

1.or Density matrix elements for 7~ +p —>p%+n
ol “‘f" Py~ = 2.7GeV/c
- +
A Mp = 750150 MeV
fo™hy 7} +
6t
St
al —
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F1c. 30. Density-matrix elements as a function of cosg*
for p® production.
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Fic. 31. Cosine of the “rr scattering angle” and Treiman-Yang
angle for successive intervals of cosfo* using events with Mz—r+
from 0.7 to 0.8 GeV/c2.

one-pion exchange) of 2 in cross section. The asymmetry
in cosf is displayed in Fig. 28 in terms of the asymmetry
parameter a= (F—B)/(F+B), where F is the number
of events with cos§>0 and B is the number of events
with cos#<0. The ntr~ asymmetry shows a maximum
below 700 MeV/¢? and falls off near the p® mass in
contrast to the #~#° channel (see Fig. 22) in which o
exhibits a smooth increase as a function of dipion
effective mass. The dashed curve in Fig. 28 is due to
Patil? and assumes a T=0, J=0 resonance at 700
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TasLE V. Experimentally determined values of the p° and
‘I)_I masses, widths, and ¢(p)/¢(wwN) for different regions of
tl.

Fraction
1¢] M (MeV) T (MeV) of p

o~

<5Sp? 7776 13717 0.91+0.05

<10p? 77545 145412 0.834:0.04

<2042 768+5 153413 0.74+0.04
0

<Su? 77145 16015 0.90-:0.05

<10u2 77045 16015 0.8740.04

<20u? 7704 16015 0.81+0.04

MeV/c?; the agreement is not good particularly below
600 MeV/c2. The data are in good agreement with the
solid curve which is a compilation of data from experi-
ments at 1.6, 2.75, 3.0, and 4.5 GeV/c incident pion
momenta.’® The decay angular distribution of the p° is
plotted in Fig. 29. An event was used for this analysis if
700< M ,+ ,-<800 MeV/¢? and if the four-momentum
transfer squared to the nucleon was less than or equal to
ten pion masses squared. In the figure the cosine of the
polar angle 6 is plotted against the azimuthal angle of
the negative decay pion. The plot is anisotropic in both
variables and asymmetric in cosf; it shows depopulation
in the middle and along two edges. '

To account for the asymmetry in cosf a I'=0, J=0
amplitude has been assumed." No strong wr inter-
actions have been reported in the T'=2 state, and the
J =2 amplitude is enhanced only above 1 GeV.% Just
as for the p— the spin states of the =tz system are
described by density matrix elements in the helicity
representation.

For P- and S-wave amplitudes the density matrix

IZLM o)

(a)
300 500 700 900 1100
M, - yoMeV/c?

1300

Number of Events

700 900 1100 130
M -+ MeV/c?
The = effective-mass distributions for [¢]>140u2:
(a) 7 n° from pr—x®; (b) =~ from =~wtn.

@ 7, P. Baton and J. Regnier, Nuovo Cimento 36, 1149 (1965).
36 G. Wolf, Phys. Letters 19, 328 (1965). .
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becomes, assuming Hermiticity and time-reversal in- The symbol pi2t denotes the density matrix elements due

variance to S-P wave interference. The trace condition ) p,,=1
int was also imposed. The events with effective mass be-

- p1o PLo1i - P tween 700<M,,<800 MeV/c* were arranged in de-

P10 poo ~hu P | scending order of cosf* and divided into consecutive

PLo e e T groups of about 100 events. The experimental angular

P10 Poo o p distribution in 6 and ¢ was fitted to the theoretical

The decay angular distribution is?’ distribution, W(6,¢), by maximum-likelihood tech-

niques. The results are displayed in Fig. 30. One can see

W (6,6)= (1/4m)+ 3/4m){ (por—p11) (cos’0—3) thcal.t the p” and the corrgspﬁnding o~ density matrix
—2V2 Repio sinf cosf cos¢p—p1,—1 sin’d cos2¢}  elements in Fig. 21 show rather similar behavior.

+ (V3/47){—2V2 Repy,o™* sinf cos¢p Assuming various models, the magnitude of the

: +2 Repoo™™t cosb} . d.ensity matrix elemen'gs can be calculated. The predic-

3 P. Csonka and L. Gutay, University of California Lawrence tion of the absorp.t lon._mOdlﬁed one-pio n-exchange

Radiation Laboratory Report No. UCRL 50101, 1966 (un- Model” for p® production in the J=1 state is plotted on

published), Fig. 30 as a solid curve for poo, p1,0, p1,~1, and pgo— p11.



153

TWO-CHARGED-PARTICLE FINAL STATES

1439

15
10
5 .
o+ 1
.5 10
15
Io -
5
Tl -
F16. 34. Effective mass of the It] ) :
a~w system versus |¢|/u? for .
different regions of the Trei- H
man-Yang and =~ scattering
angles. 15 . " 15 .
10 : 10 .
5 5
ot O F T \
.5 .5 .6 [Ke]
15 15 .
o{ - 10 -
5 5 Coe
) AL i — oy
.5 .6 7 8 .9 1.0 .5 .6 7 8 9 10

We can see that the solid curves which were obtained
without any S wave agree with experiment except for
the poo—p11 term. It seems that around cosf*=~0.99 the
absorption effects on pg are minimized. This is in
agreement with Jackson’s prediction, but the value of
poo is larger than predicted. For samples with cos6* < 0.91
a rapid decrease in the poo—p11 term is observed. The
interference term pgo™* does not show any dramatic
variations as a function of cosf*. The distributions in ¢
and 6 alone are given by

U(p)=(1/2m){1+2p1,—1(1—2 cos’¢)
— (3m4/6) Repy,0™t coso},

V (0)=%{1+ (poo—p11) (3 cos?6—1)
+2V3 Re(pgoi™*) cosb} .

—> ' M,-pe(GeV/c?)

The corresponding angular distributions have been
plotted in Fig. 31. The solid curves for cosf, obtained
from the maximum-likelihood solutions for the two-
dimensional distribution, fit the experimental 6 distri-
butions rather well. The same is true for the ¢ distribu-
tions with the exception of the intervals 0.99> cosf*
>0.98 and 0.91< cos6*<0.86 in which the ¢ distribu-
tions are symmetric.

The angular distributions of the break up of the ==+
system for |¢| <20u? and in the effective-mass interval of
600-900 MeV/c? were fitted using Legendre polynomials.
The distributions were well represented using terms up
to and including L=1 and no evidence for higher
partial waves was found. It seems unlikely therefore
that the asymmetry in the shape of the p peak is due to
higher angular-momentum states.
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An attempt was made to determine the S- and P-
wave phase shifts in these same mass and four-mo-
mentum transfer squared intervals treating the data as
real ww scattering. Under this assumption, the results
indicate a resonant P-wave and a linearly rising S-wave
term. In addition, however, there appeared to be an
extra isotropic contribution which had its maximum
magnitude at 780 MeV/c¢? and then decreased sharply.
Similar effects were found when off-shell corrections
were applied. This analysis seems to indicate that
absorption effects are probably very important and an
attempt is being made to include these effects in the
analysis. The ==t effective-mass distribution was ex-
amined for |{|<4u? and |cosf|<0.3 to see if any
significant shift in the mass of the p peak occurred. A
shift of the peak to 720 MeV/c? has been taken previ-
ously®® as evidence for the existence of a 7'=0, J=0
resonance. Our data do not show any significant shift
and in addition the #~#° mass distribution appears to

behave in the same way as the ==t distribution for
various || and cosf intervals.

VII. MASS AND WIDTH OF THE ¢ MESON

In order to determine the experimental values of the
mass and width of the p meson, events were used having
low four-momentum transfer to the = system.

The di-pion mass distribution was fitted using maxi-
mum-likelihood techniques with a combination of phase-
space and p-resonance production for |¢| less than 52,
10?2, and 20?2, The percentage of resonance production,
the mass and width of the p were variables whose best
values were determined from these fits. The results for
the p° and p— are shown in Table V and are consistent
with previously determined values. The g~ results show
a decrease in width with || which is probably due to the
decreasing effect of final-state interactions. The p°
parameters show a different behavior, this being due to



153

an apparent excess of events above 0.85 GeV/c% These
events caused the p peak to be asymmetric and a
determination of its width to be subject to larger errors.
These events did not appear to be associated with f°
production or to wrongly assigned events and were
probably due to some kinematical effect distorting
phase space.

p-meson production was also looked for at high values
of |t| as the possibility exists of nucleon exchange
processes becoming important in this region. The 7—n°
and =~7t di-pion mass histograms for |¢|>140#2 are
shown in Fig. 32, the dashed line being a phase-space
estimate. No clear resonance production is observed
although the =—=* distribution deviates more from
phase space than the =—=° distribution.

The p mass and width appears to be a function of
|¢], cosd and ¢ (see Fig. 15). Figures 33 and 34 show
this variation where |¢| versus Mz plots are shown for
various ranges of cosf and ¢. A particular variation is
seen for |cos§| <0.5 and 3w/4<é<m where the =r
effective mass appears to peak at a value above that
normally accepted for the p meson. No clear explanation
has been found for this behavior.

VIII. FINAL STATE = p— = p+ X° (NEUTRALS)
AND = p— = =+ X° (NEUTRALS)

A total of 10 466 events were accepted as belonging to
one of the above two reactions. Using ionization in-
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F16. 36. (a) Effective-mass distribution of the X° system from
the final state 7~pX°. (b) Effective-mass distribution of the X°
system from the final state =~z +X0.
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Fic. 37. (a) Effective-mass distribution of the 7—=+ system from
the final state 7~#+X°. (b) The same distribution as in (a) using
just those events having Mo between 1.15 and 1.3 GeV/c2.

formation obtained from examining each event on a
scanning table, 6901 events were unambiguously as-
signed to the reaction 7~p — 7—7+X° (reaction 5) and
2215 events were assigned to 7—p — 7~ pX° (reaction 3).
This left 1350 events having acceptable kinematics for
both reactions with the positive secondary having a
momentum greater than 1250 MeV/c. These events
were examined and compared with the unambiguous
events and it was concluded that about 709, were from
reaction (5) and 309, from reaction (3). In the analysis
of these reactions no additional interesting features
were observed by adding this sample of 1350 to both
final states. The histograms shown in Figs. 35-38, there-
fore, do not include this sample although it has been
used for all relevant cross-section calculations.

A. Resonance Production

The effective-mass distributions of all possible combi-
nations of particles were plotted and examined as a
function of four-momentum transfer to each combina-
tion. Of particular interest in the final state 7=p — = pX°
is the possibility of observing the decays of the 41 and
A2 mesons. A recent experiment?® using the same final

8 Saclay-Orsay-Bari-Bologna Collaboration, Phys. Letters 15,
69 (1965).
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Fic. 38. Effective-mass distributions: (a) #~X° system from
= rtX% (b) #*X° system from 7 7xtX°; (c) X° system from
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state at 2.75 GeV/c has reported the observation of both
A1 and A2 decays into 7—X°. The particular histogram
of interest is shown in Fig. 35 where events are plotted
having —¢ to the 7~X° system less than 40u?. The inset
histogram shows the results of Ref. 38 and both histo-
grams do show some kind of enhancement around 1100
and 1300 MeV/c2. These enhancements are not so clear
in our data, however, which contains about three times

MILLER et

al. 153
as many events. These enhancements are not improved
by taking other cuts in the four-momentum transfer to
the 7—X° system. In the final state pan—ntr— reported
previously,? some evidence of A1 and 42 decay to o7~
was observed. The enhancements in Fig. 35 are of the
same order of magnitude (corresponding to p~n° decay)
but the background is too high for cross-section de-
termination or a systematic analysis to be made. 42
production of this order of magnitude in these final
states has been seen clearly in a recent experiment® and
also in a compilation of 7~ interactions above 2.5
GeV/c.® The existence of the A1 as a true resonance in
these final states, however, has not been definitely
established.

Some of the other possible effective-mass plots are
shown in Figs. 36-38 and these do exhibit indications of
some N*(1238), p and other resonance production. The
p production in the final state #—7+X° appears to be
enhanced in the region where X° has the mass of the
N*(1238). This is seen in Fig. 37 where the 7=+
effective mass is plotted for the X° mass between 1150-
1300 MeV/c2. It is estimated from this that the cross
section for 7=p — p®+N* (o*— 7ta—, N* — 570) is 0.15
=+0.08 mb. Thisis in good agreement with the results for
7p— "+ N* (o — rtr—, N*¥— pr—).

The effective-mass plot for the missing neutrals for
reaction (3) is shown in Fig. 38(c). There is no clear
indication of the decay of any well-defined particle and
this was true even when four-momentum transfer cuts
were applied to the data.

In summary, therefore, these reactions are not a
fruitful source of resonance production which can be
isolated and studied. It appears that resonance produc-
tion does take place with small cross sections and large
background.

ACKNOWLEDGMENTS

The authors wish to thank Professor J. D. Jackson for
several helpful discussions and for providing them with
some results of his theoretical calculations. They are
also indebted to Professor F. T. Meiere, Professor A.
Tubis, and Dr. P. Csonka for much useful advice.
Finally, without the cooperation of members of the
Alvarez group at the Lawrence Radiation Laboratory,
and in particular Professor Donald H. Miller who pro-
vided the film, this work would not have been possible.

39 F. Lefebvres, B. Levrat, H. R. Blieden, L. Dubal, M. N.
Focacci, D. Freytag, J. Geibel, W. Kienzle, B. C. Magli¢, N.

Martin, and J. Orear, Phys. Letters 19, 434 (1965).
4 T. Ferbel, Phys. Letters 21, 111 (1966).



